We have measured the contact angle of microsized and nanosized alkane droplets partially wetting a model substrate using true noncontact atomic force microscopy. The large range of droplet sizes accessible using this technique allowed us to determine the contact line curvature dependence of the contact angle with unprecedented accuracy. Whereas previous studies aimed at explaining such a dependence by a line tension effect, our results and calculations on a model system exclude such an effect and point to an extreme sensitivity to weak substrate heterogeneities confirmed by numerical simulations. DOI: 10.1103/PhysRevLett.91.186101 PACS numbers: 68.08.Bc, 68.37.Ps Whereas wetting phenomena are well understood at the macroscopic scale, fascinating new phenomena might occur when nanometric spatial dimensions come into play. For example, a negative line energy, a concept introduced by Gibbs more than one century ago [1] but still controversial after a century of theoretical and experimental effort [2] , could make a surface more and more wettable when smaller droplets are considered. Beyond their fundamental interest, such questions are also technologically relevant, for example, in soft lithography techniques [3, 4] or for micro-and nanofluidics applications such as labs on chips [5] . Even on simple homogeneous substrates, however, wetting mechanisms have not received a full understanding and description when such small spatial scales come into play.
Whereas wetting phenomena are well understood at the macroscopic scale, fascinating new phenomena might occur when nanometric spatial dimensions come into play. For example, a negative line energy, a concept introduced by Gibbs more than one century ago [1] but still controversial after a century of theoretical and experimental effort [2] , could make a surface more and more wettable when smaller droplets are considered. Beyond their fundamental interest, such questions are also technologically relevant, for example, in soft lithography techniques [3, 4] or for micro-and nanofluidics applications such as labs on chips [5] . Even on simple homogeneous substrates, however, wetting mechanisms have not received a full understanding and description when such small spatial scales come into play.
The size-dependent apparent contact angle at small scales is described using a ''modified Young equation'' [6] :
Equation (1) relates the variation of the apparent contact angle to the contact line radius r. is known as the line tension, SV is the solid-vapor surface energy, SL the solid-liquid surface energy, and LV the surface tension. Equation (1) shows that wetting phenomena can strongly depend on scale.
Line tension is usually calculated as the free energy correction due to the modification of the droplet profile close to the contact line by van der Waals forces (interface displacement model [7] [8] [9] ), and is expected to be on the order of = LV . On the other hand, the positive or negative experimental values measured in the context of the size dependence of the contact angle of microscopic droplets, nucleation on solid surfaces, Newton black films, and foams span over 7 orders of magnitude from 10 ÿ12 to
The smallest values on the order of 10 ÿ12 N, closest to the theoretical estimations (see below), are obtained when only liquid phases are involved, as in the case of soap films. The largest values are, on the contrary, obtained for liquid droplets on solid substrates, suggesting that van der Waals forces cannot be the only origin of the size dependence of contact angles on solid surfaces. In particular, surface heterogeneity was proposed to be an important parameter [10 -14] . In this context, local profilometry by atomic force microscopy (AFM) has been used in order to investigate smaller length scales. An elaborate method taking advantage of a striped wettability pattern to get high contact line curvatures was used in Ref. [15] . The line tension values found in this study 10 ÿ10 N were much smaller than generally found but still larger than theoretically expected, while deviations of the droplet profile from a spherical cap close to the contact line extend far larger than the expected range = LV .
Previous AFM experiments used the intermittent contact mode and were not devoted to the study of model wetting systems involving simple solid-liquid interactions. This has prevented any direct comparison to theory and therefore any identification of the origin of the curvature dependence of contact angle. To address these points, we chose to study widely used model substrates, namely, silanized silicon wafers and low molecular weight (9 n 12) n-alkane droplets, therefore ensuring minimal heterogeneity and pure van der Waals interactions. Silanized substrates were first prepared by distillation of octadecyltrichlorosilane and coating silicon wafers according to standard methods [16] . Deposition temperature was 8 and the critical surface tension was 20:07 mN=m. In such a way, flat, smooth (rms roughness about 1 A over 5 5 m as measured by tapping mode AFM), chemically homogeneous, low energy surfaces exhibiting low hysteresis (1 -2 ) were obtained. Because of the volatility of alkanes, stable droplets cannot be formed under ambient conditions. We therefore designed an evaporation-condensation chamber connected to the AFM scanning head and containing the substrate. This enables an optimal use of AFM capabilities by investigating the largest possible range of equilibrium droplet sizes [Figs. 1(a) -1(c)]. The droplet topographies were obtained using noncontact [17] atomic force microscopy (NC-AFM). We used a TM Microscopes M5 AFM using a 100 m scanner equipped with commercial Ultrasharp TM 110 35 2 m 3 rectangular silicon cantilevers with a long 10 m tip in order to minimize acoustic effects [18] . Their nominal spring constant was 7:5 N=m while the resonance frequency and the quality factor were measured to be 271 kHz and 250, respectively. The imaging technique consists in exciting the cantilever slightly above its resonance frequency. The sample force field induces a reduction in the oscillation amplitude compared to the free amplitude A free [17] . Sample topography is reconstructed by maintaining constant a given setpoint amplitude A sp while scanning the sample. Strict experimental conditions must be set to get a stable drop profile: A free < 10 nm to avoid any tip capture, and A sp 0:9 A free for sensitivity. We also recorded the phase of the cantilever oscillation relative to the drive [ Fig. 2(b) ]. The phase contrast on the drops is small (a few degrees), and is correlated to transient effects of the feedback loop [ Fig. 2(c) ] [19] . In any case, the observed range of phase variations ensures that the energy dissipated by the tip-liquid interaction is negligible [20] as expected for NC-AFM. This small interaction is not obtained at the expense of lateral resolution as in methods making use of longer range interactions [21] .
Our droplet profiles can be nicely fitted to a spherical cap [ Fig. 2(a) ] providing an accurate determination of the contact angle and contact line radius. The experimental errors mainly come from nonlinearities of the piezoelectric scanner, which are minimized by an optical control of the actual scanner displacement, and from tip-sample convolution effects. The convolution results in an overall dilation of the profile and a smoothening near the contact line. Using a numerical deconvolution technique [22] , we estimate that, for our tips with 30 to 50 nm curvature radii determined by scanning electron microscopy, the error is 10 nm on droplet radii and goes from 0:1 for The cosine of the contact angle is plotted versus the inverse of the contact line radius in Fig. 3 . For all alkanes, the contact angle decreases with decreasing drop radius from its macroscopic value determined by fitting digital photographs of millimeter sized drops under alkane saturated atmosphere. We did not observe any increase in contact angle hysteresis at the small length scales investigated here. Using NC-AFM, the profiles of droplets much smaller (down to 150 nm) than in previous studies [9] could be recorded, allowing a precise comparison with Eq. (1). An important result of this paper is that the modified Young equation which would lead to a straight line in Fig. 3 does not correctly describe the experimental data when a large enough range of droplet sizes is considered.
As a first step in the analysis, we have calculated the intrinsic line tension due to van der Waals forces for our system using an effective interface potential !l [23] modified to take the silane film into account (Fig. 3 inset) . !l ÿ32=9
The first term describes the confined liquid interactions in a film of thickness l beyond the l ÿ2 term; taking the example of dodecane, one has 2:9 10 ÿ22 J calculated from the dodecanedodecane Hamaker constant, is the dodecane density, 0:41 nm is the dodecane core radius chosen in order to get the correct value of the minimum of the potential (S ÿ2:75 mN=m), and d w 0:2 nm is the minimum substrate-decane distance. The second term describes the substrate-alkane interactions with the silica and silane thicknesses d SiO 2 [24] .
The line tension has then been calculated in two ways. First, we used the method of Ref. [23] which carefully identifies the contributions to the line energy. Using this method, we obtain ÿ2:3 10 ÿ12 N for dodecane, whereas an (unsatisfactory) linear fit to the data would yield much larger values (ÿ5 10 ÿ10 N). We have also checked that the interface displacement model [7] [8] [9] , valid in the limit of small contact angles, yields a consistent estimate of line tension in that case: ÿ2:0 10 ÿ12 N. This is very important since this method which consists in estimating the increase in surface energy and potential energy at the contact line amounts after minimization to integrating the square root of the effective potential !l from its minimum in l 0 to infinity,
The line tension value is therefore strongly constrained by the value of the potential at the origin !l 0 S SV ÿ SL ÿ LV , and the range of its decay to 0 which must be a few nm for van der Waals forces. This proves that the line tension cannot be larger than a few 10 ÿ12 N. We finally checked that the effect of contact line curvature [26] is negligible. All this shows that our results, and more generally all measurements on solid substrates, can in no way be explained as being an intrinsic line tension effect.
We propose below an alternative description based on substrate heterogeneity according to the following scenario: Droplets are nucleated on the highest energy defects, then grow preferentially on the most wettable areas, possibly slightly shifting their center of mass, in order to minimize the free energy. This tendency is balanced by surface tension which acts as an elastic restoring force [11] maintaining an approximately spherical shape as observed in Figs. 2(a) -2(c) . This is a case of weak heterogeneities, as discussed by Joanny and de Gennes [10] , where nearly no hysteresis is induced and fluctuations of the contact line are small at the observation scale. Our method is fundamentally different from Cassie's method [27] since individual droplets which minimize their free energy on the actual surface are considered instead of average values. In order to be more quantitative, we have calculated the equilibrium radius of spherical droplets randomly placed on the heterogeneous substrate. For simplicity, we have considered a binarized AFM image of our substrate [ Fig. 1(d) ] with two different values of the spreading parameter for dodecane S 1 ÿ2:75 mN=m [corresponding to the white region in Fig. 1(d) with   FIG. 3 . Cosine of the contact angle versus the inverse of the contact line radius for nonane (squares) and dodecane (circles) droplets on a silanized wafer. The +-and-dotted line is the result of a simulation as described in the text. The dashed lines are a fit to Eq. (1) and the continuous lines are a fit to cos 1 S=1 ÿ r=r 6 . Inset: Effective potential for nonane (line) and dodecane (dashed line). surface coverage 0.9] and slightly wetting patches with S 2 0:5 mN=m (surface coverage 0.1) corresponding to mixed exposed groups of CH 2 and CH 3 (the critical surface energy of self-assembled silane monolayers is 20:5 mN=m [28] , whereas that of a polyethylene surface partially exposing its CH 2 groups is 31 mN=m [29] and dodecane surface tension is 25:3 mN=m). Neglecting long-range forces, the free energy of a spherical cap on the heterogeneous substrate is F r 2 1 ÿ cos 2 =sin 2 ÿ r 2 cS 1 1 ÿ cS 2 . Minimizing this free energy, we can estimate the equilibrium size of a spherical droplet of a given volume centered at a fixed point on the heterogeneous substrate. We proceed by calculating the free energy of 2000 fixed volume droplets randomly placed on the substrate and, for each of them, we determine r and giving the lowest free energy. In order to retain only the most favorable nucleation sites, we then calculate the contact angle corresponding to this droplet volume as the average over the 50 sites leading to the lowest free energy values (Fig. 3) . Of course, this calculation is crude; we consider only spherical droplets (which is justified experimentally) and the pixel size may introduce a distortion for the smallest droplets. However, this calculation gives a correct description of our data, thus supporting our interpretation. In particular, the range of contact angle variation from the macroscopic value to smaller values for smaller droplets is good. Similar calculations on simulated surfaces show that the contact angle variation sensibly depends on surface correlations which gives confidence that this model captures the essential features of the problem.
Droplet deformation can be more thoroughly investigated by comparing the experimental droplet radius r to the radius r 0 of a droplet having the same volume V 1=3r . Surprisingly, r r ÿ r 0 is found constant for a given alkane; we find r 48 nm for nonane, r 47 nm for decane, r 41 nm for dodecane. To first order, this implies cos 1 S=1 ÿ r=r 6 , which describes well the experimental data (Fig. 3) . Such values of r 40-50 nm again point out to substrate heterogeneities, since it is not possible to construct such a length from perfect substrate-liquid interactions (for 10 ÿ11 N and LV 20 mN=m, one would expect r = 0:5 nm, in agreement with our model calculations). We also note that r decreases from nonane to dodecane, a consistent result if the restoring force is the surface tension.
It was demonstrated in this paper that NC-AFM can quantitatively investigate the dynamics and statics of wetting of true liquids at small scales without perturbation. Wetting of nanopatterned substrates, essential for applications in microfluidics, for instance, rather necessitates a control and a knowledge of the defects distribution, even for low hysteretic substrates. Numerical approaches such as the one developed here should appear essential in future developments.
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